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Abstract
The germ cell nuclear factor (GCNF, NR6A1) is a nuclear orphan receptor first described in the mouse testis and subsequently identified
as an essential transcription factor in vertebrate embryogenesis. Here, we analyze the phenotype of Xenopus embryos after depletion of
embryonic GCNF (xEmGCNF) protein using a specific morpholino antisense oligonucleotide. Morphological defects after xEmGCNF
knockdown became obvious from neurulation onward. Among the abnormalities observed, defective formation of the neural tube and a short
and curved main body axis were the most remarkable traits. Histological analysis, lineage tracing of injected blastomeres, and Keller
sandwich explants revealed that xEmGCNF function is required for different patterns of cell intercalation during neurulation and
consequently for the sequence of morphogenetic movements leading to formation of the neural tube. Further characterization of the
phenotype at the molecular level showed an abnormal distribution of the extracellular matrix protein fibronectin and a reduction in the
expression level of the integrin subunits 5 and 6, the limiting components of the laminin and fibronectin receptors, respectively. We
propose integrin-mediated cell–matrix interaction as a process that requires xEmGCNF function and provides, in concert with cadherins-
mediated cell–cell interactions, a molecular basis for morphogenetic cell movements during neurulation.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
During neurulation, a series of morphogenetic move-
ments gives rise to the neural tube, a primordium of the
central nervous system (CNS). Simultaneously, the shape of
the embryo changes and the length of the main body axis
increases drastically as a consequence of forces generated in
parallel by tissue rearrangements in mesoderm and neuro-
ectoderm. The mechanism of neurulation in Xenopus laevis
has been investigated extensively (Davidson and Keller,
1999; Schroeder, 1970, 1971; Wallingford and Harland,
2001). Schroeder pointed out in his model: (1) the formation
of the neural grove as a consequence of apical constriction
of the superficial neuroectoderm cells, (2) the elevation of
the neural folds with help of elongating presomitic meso-
derm and lateral neural plate, (3) a medially directed mi-
gration of superficial and deep epidermis cells collaborating
with the closure of the neural tube by bringing both neural
folds to apposition, and (4) a participation of the notochord
by preventing shortening of the neural plate after apical
constriction of superficial neuroectoderm cells. Davidson
and Keller (1999) extended this view of neurulation in X.
laevis by investigating the cellular basis of morphogenetic
movements. They postulated that, at the start of neurulation,
prospective neural crest cells move to the dorsal midline
using monopolar, medially directed protrusive activity,
whereas medial migration of neural tube cells occurs by
bipolar, mediolaterally directed protrusive activity. After
neural fold fusion, in which prospective epidermal cells
participate, the neural crest cells continue migration toward
the midline using medially directed monopolar protrusions,
whereas superficial and deep neural tube cells start radial
intercalation to form a single-cell- layered neural tube. Fi-
nally, medial migration and radial intercalation in concert
cause the reconstruction of the lumen of the neural tube as
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well as convergence and extension of the dorsal neuroecto-
derm. The cellular machinery responsible for morphoge-
netic movements in X. laevis has started to be dissected at
the molecular level; for instance, a regulation of conver-
gence and extension in mesoderm and in neuroectoderm by
the noncanonical Wnt-signaling has been demonstrated
(Wallingford and Harland, 2001). In this report, we show a
role of the Germ Cell Nuclear Factor in morphogenetic
movements during neurulation and present evidence for the
requirement of this transcription factor for the regulation of
integrin- mediated cell–matrix interactions as a part of the
cellular machinery responsible for morphogenetic move-
ments during early development.
The Germ Cell Nuclear Factor (GCNF, NR6A1), a mem-
ber of the nuclear hormone receptor superfamily, was first
described in the mouse testis (Chen et al., 1994) and sub-
sequently identified as an essential transcription factor in
vertebrate embryogenesis (Chung et al., 2001; David et al.,
1998; Joos et al., 1996; Lan et al., 2002). While no activat-
ing function could be proven, there is evidence that GCNF
functions as a constitutive repressor of transcription (Bauer
et al., 1997; Cooney et al., 1998; Fuhrmann et al., 2001;
Greschik and Schule, 1998; Yan and Jetten, 2000). The
mammalian oct3/4 gene that is expressed in pluripotent
embryonic stem cells, embryonic carcinoma cells, and in the
inner cell mass of mammalian embryos has been recently
identified as a target of murine GCNF (mGCNF). The direct
negative transcriptional regulation of the oct3/4 gene by
mGCNF highlights its important function in the restriction
of cell fate (reviewed in Donovan and Gearhart, 2001).
The GCNF/ mice show a pleiotropic phenotype before
the embryos die at about day 10.5 p.c. of cardiovascular
failure. Morphogenetic movements appear to be severely
impaired during early organogenesis of this knockout
mouse, since the embryos do not turn, the neural tube does
not close, the main axis remains short, somitogenesis stops
prematurely, and an ectopic tailbud protrudes (Chung et al.,
2001).
Anteroposterior patterning and early organogenesis of X.
laevis also require a correct dose of xGCNF (David et al.,
1998). In early Xenopus development, the zygotic transcrip-
tion of the Xenopus embryonic germ cell nuclear factor
(xEmGCNF; xNR6A1) starts at the end of gastrulation,
reaches its maximal levels during neurulation (at stages
16–17), and decreases rapidly thereafter (Joos et al., 1996).
At the maximum of zygotic transcription, the expression
pattern displays an anteroposterior gradient, with the tran-
script predominating in the neural folds, with a gap along
the midline of the embryo (at the position of the future
floorplate), and with an elevated level at the midbrain–
hindbrain boundary region (Joos et al., 1996; Song et al.,
1999).
Here, we use a specific morpholino antisense oligonu-
cleotide (MOR) to deplete the function of the zygotically
expressed xGCNF. After GCNF knockdown, the morpho-
logical defects became obvious from neurulation onward
and included short and curved main body axis, failure of the
neural tube to close, malformed proctodeum, highly irreg-
ular somite pattern, and defective head differentiation. Fur-
ther characterization of the phenotype by histological anal-
ysis, lineage tracing of injected blastomeres, and Keller
sandwich explants revealed dysfunction of cell intercalation
during several steps of neurulation, which reduced the ef-
ficiency of convergence and extension of axial mesoderm
and neuroectoderm.
Immunohistological analysis of sections from MOR-in-
jected embryos displayed abnormal distribution of fibronec-
tin, one of the major components of the extracellular matrix.
RT-PCR analysis of neuralized animal caps showed that the
expression of integrins 5 and 6, the limiting components
of the heterodimeric receptors for fibronectin and laminin,
respectively, were reduced as a consequence of xGCNF
knockdown. Therefore, we propose integrin-mediated cell–
matrix interaction as an organogenic process that requires
xEmGCNF function, especially during convergence and
extension of the neural plate and closure of the neural tube.
Materials and methods
Handling of the embryos and microinjection
Embryos were obtained as described previously (Medina
and Steinbeisser, 2000) and staged according to Nieuwkoop
and Faber (1967). Microinjection was performed in Marc’s
Modified Ringer’s Solution (MMR) either at the two-cell
stage in the animal pole into both blastomeres or at the
eight- cell stage in both animal dorsal or animal ventral
blastomeres. Per blastomere, 21–42 ng of a standard control
morpholino oligonucleotide (STA; 5-CCTCTTACCTCAGT-
TACAATTTATA-3) or a xEmGCNF-specific antisense
morpholino oligonucleotide (MOR; 5-CATGTGTCCATCT-
CATACCAGTGCG-3, or MOR2; 5-TCATCTTCCCAT-
GTGTCCATCTCAT-3) was injected. All three morpholino
oligonucleotides were provided by Gene-Tools, LLC. Addi-
tionally, various in vitro transcribed mRNAs were microin-
jected for overexpressing different proteins. For this purpose,
linearized plasmids containing cDNA specific of xOoGCNF
[linearized with NotI, transcribed with SP6 (Schohl et al.,
2002)]; -galactosidase (-gal; linearized with PstI), tran-
scribed with T3; (Steinbeisser et al., 1995); Noggin (linearized
with NotI), transcribed with SP6; (Smith and Harland, 1992);
xRAR2 (linearized with EcoRI), transcribed with SP6;
(Sharpe, 1992) and xRXR (linearized with BamHI, tran-
scribed with SP6; Sharpe and Goldstone, 1997) were used as
template for in vitro transcription with the Message Machine
Kit (from Ambion), following the manufacturer’s instructions.
The amounts of morpholino oligonucleotides and mRNAs
were injected in 5–10 nl. After injection, embryos were trans-
ferred in to 0.1 MMR at stage 8 and incubated until the
indicated stages at 14–23°C.
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Isolation of animal caps and Keller explants
Animal cap explants from injected embryos were dis-
sected in MMR at stage 8.5, transferred to 0.5 MMR in
tissue culture plates coated with agar, and cultured until the
control embryos reached stage 17. Injection of 40 pg noggin
mRNA directed the ectoderm explants to an anterior neural
fate. Further posterior specification of the neuroectoderm by
an enhanced retinoic acid (RA) signaling was achieved by
coinjection of mRNAs encoding the retinoid receptors
RAR2 (250 pg) and RXR (250 pg) and treatment of the
neuralized explants with 107 M all-trans retinoic acid
(RA; Sigma) from stage 9 until stage 17 equivalent in the
dark.
For the Keller sandwich explants (Keller and Danilchik,
1988), the dorsal marginal zone of STA-injected or MOR-
injected embryos was explanted at stage 10, by cutting
about 30° to the left and right of the dorsal midline, veg-
etally above the lip and animally at the mid of the blastocoel
roof. Two explants with the same size were put on top of
each other. After healing, the sandwiches were cultured in
MMR until control embryos reached stage 25.
Western blotting
Protein extraction from embryos and Western blotting
were carried out as described previously, and affinity-puri-
fied antiserum against xEmGCNF [DEF] was used for the
detection of xEmGCNF (David et al., 1998). A peroxidase-
linked goat anti-mouse antibody (Dianova) was used as
secondary antibody and was visualized by using the chemi-
luminescence reagent Western Lightning (PerkinElmer Life
Sciences, Inc.).
X-Gal staining and whole-mount in situ hybridization
As a lineage tracer, 100 pg per blastomere of -gal
mRNA was coinjected together with morpholino oligo-
nucleotides or experimental mRNA. Injected embryos
were cultured until different stages, fixed in 1 MEMFA
(100 mM Mops, pH 7.4; 2 mM EGTA and 1 mM MgSO4)
supplemented with 3.7% formaldehyde and processed
for LacZ expression by an X-gal chromogenic reaction
as previously described (Steinbeisser et al., 1989). For
the red color of the staining, 5-Brom-6-chlor-3-indolyl-
-D-galactopyranosid (Fluka) was used as substrate for
-gal.
Whole-mount in situ hybridization was performed essen-
tially as described (Joos et al., 1996), using digoxigenin-
labeled antisense RNA probes specific of nerve- specific
tubulin (Good et al., 1989). Following the in situ procedure,
embryos were embedded in Technovit (Kulzer) for section-
ing (Ellinger-Ziegelbauer and Dreyer, 1993).
Immunohistology
Staining of 10-m frozen sections was essentially done
as in Fagotto et al. (1999). For documentation, AnalySIS
(Soft Imaging Systems) was used in combination with a
Zeiss Axioplan or Axiovert microscope. The primary anti-
body was rabbit anti-fibronectin (Winklbauer, 1998). A
Cy3-labeled secondary antibody F(ab)2 goat anti-rabbit
from Dianova was used.
Reverse transcription–polymerase chain reaction (RT-
PCR)
Total RNA was extracted from whole embryos or cul-
tured animal caps with TriStar (ThermoHybaid) following
the manufacturer’s instruction. RT-PCR was performed by
using 0.5–1 g total RNA as previously described (Niehrs
et al., 1994), except that SuperScript II RNase HReverse
Transcriptase (Gibco BRL) was used and PCR amplification
was carried out by using unlabeled nucleotides and Taq
Polymerase from Amersham Pharmacia Biotech. PCR prod-
ucts were separated on 2% agarose gels in TAE buffer,
stained with ethidiumbromide, and visualized by using a
Kodak Image Station 440CF. The fluorescence signal of the
specific bands was quantified by densitometry (using the
program Kodak digital science 1D v3.0) and normalized
relative to ornithine decarboxylase (ODC). Gene-specific
primer sets and PCR conditions are summarized in Table 1.
Although data from individual experiments are shown, the
results were confirmed in multiple experiments in all cases.
Results
Phenotype of X. laevis embryos after knockdown of
xEmGCNF function by antisense Morpholino
oligonucleotide
We have previously interfered with xEmGCNF function
in Xenopus embryos by injection of mRNA encoding a
dominant negative (dn) form of xEmGCNF (dnGCNF;
David et al., 1998). This N-terminally truncated dnGCNF
lacks most of the DNA binding domain. Because of its
intact C-terminal domain, the dnGCNF is still able to dimer-
ize with endogenous full-length xEmGCNF and to prevent
it from efficient binding to target genes containing a GCNF
response element (GCRE). In order to avoid the intrinsic
problems of mRNA injection in the embryo, like limited
diffusion rate, low stability of injected mRNA, and squelch-
ing effects potentially associated with the ectopic expres-
sion of a high amount of the C-terminal domain, we have
now studied the function of xEmGCNF during early devel-
opment using a specific Morpholino antisense oligonucleo-
tide (MOR; Summerton and Weller, 1997). The MOR was
directed to the translational start region of xEmGCNF-
mRNA and inhibited translation of this mRNA as proven by
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Western blotting (Fig. 1). Injection of 42 ng of the MOR
into each blastomere at the two-cell stage reduced about
90% of the xEmGCNF protein level at neurula stage 17
(Fig. 1, lanes 3 and 4) when compared with the protein level
in control embryos injected with a standard control mor-
pholino oligonucleotide (STA; Fig. 1, lane 2) or noninjected
embryos (NON; Fig. 1, lane 1). The specificity of the MOR
effect is demonstrated by the fact that injection of MOR did
not interfere with translation of mRNA encoding an oocyte-
specific splice variant of GCNF (xOoGCNF; Fig. 1, lane 4),
which lacks the region complementary to the MOR (Schohl
et al., 2002), nor did the presence or absence of the MOR or
STA influence the efficiency of translation of mRNA en-
coding N-terminally myc-tagged versions of flGCNF or
dnGCNF (data not shown). In addition, we have used a
second xEmGCNF-specific morpholino oligonucleotide
(MOR2) that was partially overlapping with the first oligo-
nucleotide. Injection of MOR2 specifically reduced the
level of xEmGCNF protein (as proven by Western blot) and
produced the same phenotype in the embryos that we have
observed after injection of the first MOR. The phenotype
after injection of a 1:1 mixture of both MOR oligonucleo-
tides was more severe than that of a single MOR at the same
end concentration (data not shown).
A quantitative evaluation of the phenotypic effects
caused by interference of xEmGCNF function by MOR
injection is summarized in Table 2 and illustrated in Fig. 2.
Although the blastopores were slight irregularly shaped in
about 30% of MOR-injected embryos (experiment 1 in
Table 2 and in X. tropicalis; data not shown), gastrulation
was completed normally, as judged from the morphology of
half embryos at the end of gastrulation (data not shown).
Developmental defects after GCNF knockdown became vis-
ible during neurula stages. Compared with the control spec-
imens injected with the same amount of STA (Table 2 and
Fig. 2 A–C), up to 80% of the MOR-injected specimens
(Table 2 and Fig. 2D–F) displayed an abnormal phenotype
at late neurula and tadpole stages combining curved and
shorter main body axis (Fig. 2, compare A–C with D–F),
incompletely closed neural tubes (Fig. 2, arrow in E), and
transverse sections below), malformed proctodeum (Fig. 2,
arrowhead in E), and highly irregular somite pattern. The
maximal length of MOR-injected embryos reached only
70% of the length of siblings injected with the standard
oligonucleotide. After tailbud stages, mortality in MOR-
injected embryos increased dramatically, and survivors dis-
played incomplete pigmentation of the eyes (Table 2 and
Fig. 2, arrows in F). This phenotype was partially rescued
by overexpressing xOoGCNF after mRNA injection (Table
2, experiment 2) as evident from a general attenuation of the
phenotype observed by increased average body length at
tailbud stage and more eye pigmentation at tadpole stages.
Similarly, high dose of dnGCNF is also embryonic lethal
Table 1
Gene-specific primer sets and PCR conditions
Marker (Accession No.) Forward primer Reverse primer PCR-product length (bp),
Annealing temp.,
and number of cycles
ODC (X56316) 5-GTCAATGATGGAGTGTATGGATC-3 386 55°C 24
5-TCCATTCCGCTCTCCTGAGCAC-3
6-Integrin (L35051) 5-AAACAACAAGAACCAAGC-3 744 50°C 30
5-CGAAAATAATCCACCAAGG-3
5-Integrin (U12683) 5-CAGACCACCCACCAACGCTG-3 503 55°C 28
5-CTGGGGCTTGAGCTCAGCTT-3
5-Integrin tr (U12646) 5-AAGTGAGACGGTGCACTTGG-3 837 55°C 28
5-ATGCATTCAGTGATCCAACTAG-3
3-Integrin (L43057) 5-GGAGGAGCTGAACTGTACCTAA-3 311 55°C 30
5-GGTTGAACTCAGTAGTCCTGG-3
1-Integrin (M20140) 5-GAAATGTCACACGCTTGC-3 475 50°C 26
5-AATTCCACCTGATCACC-3
N-CAM (M25696) 5-CACAGTTCCACCAAATGC-3 343 55°C 28
5-GGAATCAAGCGGTACAGA-3
Fig. 1. The Morpholino antisense oligonucleotide specifically inhibits the
translation of the xEmGCNF mRNA. Embryos were injected at the two-
cell stage with 42 ng of a standard morpholino oligonucleotide as control
(STA: lane 2) or a xEmGCNF-specific antisense Morpholino oligonucle-
otide (MOR: lanes 3 and 4) into each blastomere. Additionally, 100 pg per
blastomere of a mRNA encoding an oocyte-specific GCNF isoform were
coinjected (xOoGCNF; lane 4). Protein extracts of injected embryos at
stage 17 were analyzed by Western blotting, using an antiserum against
xEmGCNF [DEF] (David et al., 1998). The positions of exogenous
xOoGCNF (arrowhead) and endogenous xEmGCNF (arrow) are indicated
at the left. The lowest band detected by the antiserum is nonrelated to
GCNF and can be used as loading control. Note that, in the presence of the
MOR, the level of xEmGCNF protein decreased, whereas the xOoGCNF
protein was still translated.
332 G. Barreto et al. / Developmental Biology 257 (2003) 329–342
(David et al., 1998), as is the GCNF/ mouse (Chung et
al., 2001), and at sublethal doses, dnGCNF leads to short
anteroposterior axis, disturbed patterns of somitogenesis,
failure of the neural tube to close, and defects in head
differentiation including pigmentation of the eyes (David et
al., 1998).
Knockdown of xEmGCNF disturbs morphogenetic
movements during neurulation
The short and bent main body axis and the failure of
neural tube to close are indications of disturbed morphoge-
netic movements during neurulation. Therefore, we ana-
lyzed the sequence of events leading to formation of the
neural tube (Davidson and Keller, 1999) in embryos in-
jected with STA or MOR at different stages during neuru-
lation (Fig. 3). When compared with the STA-injected em-
bryos, formation of a well-defined neural groove and the
elevation of the neural folds were affected after xEmGCNF
knockdown (stage 16; Fig. 3, compare A and B), probably
as a consequence of disturbed apical constriction in the
midline of the superficial cell layer of the neuroectoderm.
After fusion of the neural folds in the control embryos
(stage 18; Fig. 3C), a slight groove remained in the ecto-
derm (Fig. 3, arrow in C), and the lumen of the neural tube
(Fig. 3, arrowhead in C) started to form from ventral to
dorsal by simultaneous medial migration and radial interca-
lation of prospective neural tube cells (Davidson and Keller,
1999). In contrast, after depletion of xEmGCNF protein
(Fig. 3D), the lumen of the neural tube remained small (Fig.
3, arrowhead in D) and cells surrounding it were in disarray,
thus giving the impression that radial intercalation has not
been started. At stage 20 in the control embryos (Fig. 3E),
simultaneous medial migration and radial intercalation: (1)
completed relumenation of the neural tube, (2) gave rise to
the single-cell layer of the neural tube, and (3) built the roof
of the neural tube by combining both lateral populations of
neural crest cells into a single medial population. In the
MOR-injected embryos (Fig. 3F), each of these three pro-
cesses seemed to be impaired, since the lumen of the neural
tube showed an irregular shape, neural tube cells did not
move efficiently toward the dorsal midline, and the roof of
the neural tube was not formed properly. All these obser-
vations suggest that medial migration as well as radial
intercalation were impaired after xEmGCNF knockdown.
Furthermore, whole-mount in situ hybridization with a
nerve-specific tubulin (NST) antisense (as) RNA probe at
stage 20 and subsequent analysis on transverse sections
clearly showed in the MOR-injected embryos that the NST-
expressing cells remained laterally spread at a greater dis-
tance from the dorsal midline as compared with the control
embryos (Fig. 3, compare G and H). This result confirms the
interpretation that both patterns of cell intercalation were
affected in the cells destined to form the wall of the single-
layered neural tube. Additionally, the expression of this
marker of primary neurogenesis suggests that neural induc-
tion and primary neurogenesis did take place in the deep
layer of the neuroectoderm after GCNF-knockdown, sug-
gesting that the fate of neural plate cells was not signifi-
cantly affected.
In order to analyze in more detail medial migration and
radial intercalation of neural plate cells, lineage tracing of
injected blastomeres was performed by coinjection of 250
pg mRNA encoding -galactosidase (-gal) together with
21 ng of either the STA or the MOR at the eight-cell stage
into each animal dorsal blastomere as indicated in the dia-
gram (Fig. 4). After injection of the STA and colorimetric
detection of -gal-activity at stage 20, the staining was
found in the closed neural tube and was externally seen as
a narrow stripe along the dorsal midline, with a broader
extension in the prospective head (Fig. 4A and C). In con-
trast, in MOR-injected embryos, the neural tube was not
Table 2
Phenotype of X. laevis embryos after xEmGCNF knockdown










42 ng  100 pg
Gastrula St. 12.5 survivors % (n) 100 (40) 100 (38) 100 (70) 100 (70) 100 (70)
ess. normal % 97.5 53a 96 96 96
Tailbud St. 23–25 survivors % (n) 100 (40) 100 (38) 94 (66) 91 (65) 97 (68)
ess. normal %b 97.5 16 79 8 51.5
short/round NT not closed, axis defects %b 2.5 79 17 79.5 41.5
exo/spina bifida %b — 5 4 12.5 7
Tadpole St. 39–40 survivors % (n) 95 (38) 60 (22) 70 (49)c 71 (50)c 66 (46)c
ess. Normal %b 97 36 67.5 10 9
eye defects, short/bent axis %b 3 64 18.5 80 74
exo/spina bifida %b 14 10 17
a The most frequent defect seen in some clutches by the end of gastrulation was an abnormally shaped blastopore.
b Percent of survivors; only predominant defects are mentioned to avoid multiple counting of same specimen.
c 15 specimens per condition were fixed between st. 25 and st. 39.
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closed and the -gal-containing cells were intermingled
with unlabeled cells in a much broader domain at both sides
of the dorsal midline (Fig. 4B and D). This indicates that the
cells of the neural plate did not properly move toward the
dorsal midline of the embryo, confirming that xEmGCNF
knockdown perturbed the medially directed intercalation of
cells of the lateral deep layer of the neuroectoderm and
thereby reduced the efficiency of convergence and exten-
sion of the neural plate during neurulation. To clarify
whether the impaired movement of cells toward the dorsal
midline is an intrinsic effect caused by xEmGCNF knock-
down in the neuroectoderm itself, convergence and exten-
sion movements were analyzed in Keller sandwiches
(Keller and Danilchik, 1988) comparing dorsal marginal
zone explants of MOR-injected and STA- injected embryos
(Fig. 4E and F). As expected, control sandwich explants
showed strong elongation at stage 25 equivalent (Fig. 4E).
In contrast, MOR- injected explants (Fig. 4F) displayed a
significantly reduced elongation, suggesting that the radial
intercalation of cells, typical for these explants (Keller et al.,
1992; Wilson and Keller, 1991), was impaired after xE-
mGCNF knockdown, resulting in an ineffective increase of
area along one axis. This observation shows clearly that
xEmGCNF function is required for the tissue-autonomous
mechanism of convergence and extension movements by
cell intercalation in the neuroectoderm and probably also in
the mesoderm.
At the transcriptional level, zygotic GCNF expression is
first detected in late gastrula and abounds in the neuroecto-
derm, but is later also seen in the mesoderm, and at tailbud
stages also in the endoderm (Joos et al., 1996). Immunohis-
tological observations suggest that an anteroposterior gra-
dient is also seen at the protein level during tailbud stages in
the somitic mesoderm (David et al., 1998, and unpublished
results). In whole embryos, we did not see significant inhi-
bition of gastrulation movements, except for a slight retar-
Fig. 2. Phenotypic effects of xEmGCNF loss-of-function. Embryos were injected at the two-cell stage into each blastomere with 42 ng of either the standard
morpholino oligonucleotide as control (STA; A–C) or the xEmGCNF-specific antisense Morpholino oligonucleotide (MOR; D–F). Injected embryos were
fixed at stage 18 (A, D), stage 28 (B, E), and stage 40 (C, F). Loss- of-function of xEmGCNF resulted in curved and reduced main body axis at tailbud (E)
and tadpole stages (F), failure of the neural tube to close (arrow in E), atypical cloacae formation (arrowhead in E), and defective pigmentation of the eyes
(arrows in F).
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dation of gastrulation and an irregular shape of the blas-
topore at high dose of the xEmGCNF MOR in some
specimens (Table 2). Yet Keller sandwich explants of
MOR-injected embryos extended to a lesser extent than
those of controls (Fig. 4E and F). Therefore, the most
plausible explanation is that xEmGCNF is required for
Fig. 3. Sequence of events giving rise to the neural tube was impaired after xEmGCNF knockdown. Shown are dorsal parts of 5-m transverse sections from
the midbody of STA- injected (A, C, E, G) and MOR-injected (B, D, F, H) embryos at neurula stages 16 (A–B), 18 (C–D), and 20 (E–H). The neural folds
(black arrows) and medial neural groove (black arrowhead) were properly formed in STA-injected (A), but not in MOR-injected embryos (B). After neural
fold fusion, a slight groove remained in the ectoderm (white arrows), and the lumen of the neural tube (white arrowheads) started to reopen in control (C),
but not in experimental embryos (D). Note the irregularly shaped neural tube after xEmGCNF knockdown at stage 20 (F). In (G) and (H), embryos were
subjected to whole-mount in situ hybridization with a nerve- specific tubulin (NST) probe before sectioning. The NST-expressing cells remained laterally
spread at a greater distance from the dorsal midline after MOR injection (H). no, notochord; nt, neural tube; so, somitgenic mesoderm. Bar, 200 m.
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ongoing convergent extension movements of the mesoderm
at late gastrula and early neurula.
xEmGCNF is required for the correct expression of 6
and 5 integrin subunits of transmembrane receptors
Although the mechanisms of convergence and extension
by cell intercalation remain to be elucidated at the molecular
level, transient cell–cell interactions mediated by cadherins
and protocadherins are thought to be involved in the bipolar,
mediolaterally directed mechanisms of cell intercalation
seen in the mesoderm during gastrulation and in the lateral
deep layer of the neural plate during neurulation (see Keller
et al., 2000 for a review). As alternative to, or perhaps in
addition to, these cell–cell interactions, cell–matrix interac-
tions mediated by integrins as transmembrane receptors
could be involved in the monopolar, medially directed cell
intercalation observed in the medial migration of prospec-
tive neural crest cells. Since we did not detect significant
alterations in the expression levels of several cadherins after
xEmGCNF knockdown by means of RT-PCR (data not
shown), we investigated the integrin-mediated cell–matrix
interactions. Therefore, the distribution of fibronectin, one
of the major components of the extracellular matrix, as well
as the expression of the integrin subunits that form the most
important transmembrane receptors for laminin and fi-
bronectin were analyzed after interference of xEmGCNF
function by MOR injection.
Transverse sections from the trunk region stained for the
extracellular-matrix-protein fibronectin revealed an atypical
broader notochord with less fibronectin deposited at the
upper and lower borders, when the embryos were injected
with the MOR into each animal dorsal blastomere at the
eight-cell stage (Fig. 5, compare B and E with A and D).
The specific depletion of fibronectin from the notochord
was a consequence of targeting the MOR to the dorsal
midline in the specimen shown in Fig. 5B. In contrast, when
the MOR injection was carried out into each animal ventral
blastomere, the notochord was formed properly and the
fibronectin deposition around it appeared to be normal (Fig.
5, compare F with D and E). In this case, the fibronectin
deposition was reduced in the ventral part of the embryo, the
region formed by the progeny of the injected blastomeres as
shown by lineage tracing (Fig. 5, compare I with G and H).
The borderline between mesoderm and endoderm could not
be distinguished clearly and showed weaker staining for
fibronectin when compared with controls or embryos in-
jected dorsally. Additionally, the ventral epidermis was
thicker (Fig. 5, compare brackets on I with G and H) and the
epidermal cells appeared to have less contact with each
other, indicating an inefficient radial cell intercalation im-
peding the normal thinning of the epidermis (Keller et al.,
2000). Interestingly, the neural tube remained open inde-
pendent of the injection site of MOR (Fig. 5C and F). These
observations suggest that both neural plate as well as non-
neural ectoderm are involved in the closure of the neural
tube of X. laevis and that xEmGCNF function is also needed
in the prospective epidermis. A contribution of adjacent
nonneural ectoderm to efficient neurulation in X. laevis was
originally postulated by Schroeder (1970, 1971) and has
also been observed in chick (Hackett et al., 1997) and axolot
(Jacobson and Moury, 1995).
To investigate the effect of xEmGCNF knockdown on
the interaction of cells with their extracellular matrix at the
molecular level, the expression of integrin subunits 6, 5,
5truncated, 3, and 1 was analyzed by RT-PCR in neu-
ralized ectoderm explants as outlined in Fig. 6A. Anterior
neuroectoderm induced by injection of noggin mRNA at the
two-cell stage was compared with neuroectoderm that was
posteriorized by enhanced retinoic acid (RA) signaling, as
described (Barreto et al., 2003). Knockdown of xEmGCNF
resulted in a significant downregulation of the expression of
integrin subunits 6 and 5, whereas the transcription lev-
els of integrin 3, 5 truncated (Joos et al., 1995), and 1
remained unchanged (Fig. 6B, compare lanes 1–3 and 4–5).
Neuralization of the animal cap explants by prior injection
of noggin mRNA (Fig. 6B, lanes 2 and 5) or additional
posterior transformation of the neuroectoderm by enhanced
RA-signaling (Fig. 6B, lanes 3 and 4) did not change the
reducing effect of xEmGCNF knockdown on the expression
of integrins 6 and 5.
To investigate whether the downregulation of integrins
5 and 6 expression could be rescued by the oocyte-
specific isoform of GCNF (xOoGCNF; Schohl et al., 2002),
mRNA coding for xOoGCNF was coinjected with the
MOR. This GCNF isoform can be translated in the presence
of the xEmGCNF-specific MOR due to its different N
terminus (Fig.1, lane 4). As shown in Fig. 6C, transcription
of integrin 5 and 6 was indeed rescued by xOoGCNF
overexpression after MOR injection (Fig. 6C, compare lane
4 with lanes 2 and 3), suggesting a possible transcriptional
regulation of the expression of both integrin subunits by
xEmGCNF. Finally, expression of the pan-neural marker
N-CAM did not change in the neuralized animal caps ex-
plants, confirming that neural induction was not affected
after xEmGCNF knockdown.
Discussion
Effects of xEmGCNF loss-of-function on neurulation
Recently, inhibition of translation by gene-specific MOR
has been used successfully in Xenopus embryos as an effi-
cient way to obtain loss of target proteins without side
effects (Heasman, 2002). Injection of GCNF-specific anti-
sense morpholino but not the control morpholino oligonu-
cleotide inhibited about 90% of the translation of xE-
mGCNF mRNA. Since xEmGCNF protein has a long half-
life (David et al., 1998), accumulation of residual amounts
of this protein over a period of time could be an explanation
for a possible lack of complete loss of xEmGCNF function.
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According to this interpretation, survival of the embryos
depended on the amount of MOR applied. While injection
of 84 ng of MOR per embryo resulted in 30–40% lethality
between neurula and tadpole stages, embryos injected with
only 8.4 ng of MOR survived up to stage 46 equivalent, yet
with extremely short guts that did not coil up and with
failures in heart formation (data not shown). However, the
organogenic defects observed after knockdown of xE-
mGCNF function by injection of a high amount of the MOR
were reproducible with two different xEmGCNF-specific
MOR and affected axial elongation, neural tube closure, and
differentiation of the head as well as the intestinal tract and
the somite pattern. These results are consistent with the
similar pleiotropic phenotype previously observed after ec-
topic expression of a dnGCNF (David et al., 1998). Fur-
thermore, GCNF knockout mice also failed to close the
neural tube and displayed somitogenic defects (Chung et al.,
2001).
Defective formation of the neural tube and a short main
body axis are the most remarkable traits of the phenotype
after xEmGCNF knockdown. Whereas the fate of neural
plate cells was not significantly affected in the presence of
MOR, as judged by the expression of pan-neural and neu-
ronal markers (Fig. 3H; Fig. 6C; and Barreto et al., 2003),
the sequence of morphogenetic movements leading to for-
mation of the neural tube (Davidson and Keller, 1999) was
impaired after xEmGCNF knockdown. Histological analy-
sis of transverse sections of embryos at different neurula
stages showed that the apical constriction of the superficial
layer of the neural plate and consequently the formation of
the neural groove were impaired in the presence of MOR.
The neural folds did not rise properly, probably due to
disturbed elongation of presomitic mesoderm and lateral
neural plate. Although fusion of the neural folds did take
place, medial migration and radial intercalation of the pro-
spective neural tube cells were affected after xEmGCNF
knockdown, resulting in an irregular-shaped neural tube
(Fig. 3F). Our lineage tracing data after depletion of
xEmGCNF protein confirmed the interpretation that medi-
ally directed pattern of cell intercalation in the deep layer of
the neural plate was impaired, resulting in an inefficient
convergence and extension of the dorsal neuroectoderm.
After injection of the MOR at the eight-cell stage into
both animal dorsal blastomeres, embryos failed to form a
thin and rod-shaped notochord. Instead, the notochord ap-
peared rectangular with an abnormally large diameter, in-
dicating that the intercalation behavior of cells of this tissue
also could be affected. Since convergence and extension by
cell intercalation in the neuroectoderm not only promote
folding of the neural tube but also its axial elongation, and
intercalation of notochordal cells promotes elongation of the
axial mesoderm (Davidson and Keller, 1999; Keller et al.,
2000), an impaired wedging of cells in between each other
in both tissues could provide an explanation for the short
main body axis that usually becomes obvious during tailbud
stages.
After injection of the MOR at the eight-cell stage into
both animal ventral blastomeres, an essentially normal no-
tochord could form, yet the epidermis showed a wider
diameter and cell contacts appeared loose and irregular in
the ventral part of the embryo, the region formed by the
progeny of the injected blastomeres. Such impaired cell
contacts could be the reason for disturbed radial cell inter-
calation of epidermis cells that normally contributes, to-
gether with cell division and cell spreading, in thinning of
the epidermis (Keller, 1978). This interpretation is sup-
ported by the observation that ectodermal explants of xE-
mGCNF-depleted embryos dissociated significantly faster
than explants of control embryos in absence of Ca2 and
Mg2 ions (our unpublished observations). Under normal
conditions of culture, we did not, however, observe loss of
cells from vital explants, and therefore the shorter appear-
ance of Keller sandwich explants of MOR-injected embryos
was not due to a loss of cells. Since the superficial epithelial
cells accommodate the tissue rearrangements occurring in
the deep cells of the neuroectoderm by also intercalating,
dividing, and spreading (Keller, 1978, 1980), the open neu-
ral tube after depletion of xEmGCNF protein in the ventral
part of the embryo could result from an incapacity of the
epidermis to spread and to support the narrowing and ex-
tension of the deep cell layers. Furthermore, a notochord of
normal shape and length in combination with an incom-
pletely closed and foreshortened neural tube may result in a
curved dorsal axis (Fig. 2) because extension of the dorsal
mesoderm and of the neuroectoderm do not proceed in
register.
Integrin-mediated cell–matrix interaction as an
organogenic process that requires xEmGCNF function
Both integrin subunits of the 51 transmembrane re-
ceptor for fibronectin are provided maternally, and they are
inserted in all de novo formed membranes during early
Xenopus embryogenesis (Gawantka et al., 1992; Joos et al.,
1995). During neurulation, the amount of integrin 5 pro-
tein decreases in the epidermal layer of the ectoderm, the
neural tube, and the notochord (Joos et al., 1995). In con-
trast, the integrin 6 subunit of the laminin receptor is not
detected before early neurula, and the mRNA encoding
integrin 6 is initially expressed in the neural plate and later
in a variety of neural derivatives (Lallier et al., 1996).
Our RT-PCR results, showing a reduction in the expres-
sion level of the integrin subunits 5 and 6 after xE-
mGCNF knockdown in neuralized animal caps, may ex-
plain some of the phenotypic effects observed during
neurulation of Xenopus embryos after interference of xE-
mGCNF function. For instance, reduction of integrin 6
expression after xEmGCNF knockdown provides a plausi-
ble reason for the morphogenetic defects in formation of the
neural tube. In support of our data, depletion of the integrin
6 chains by antisense techniques is innoxious throughout
gastrulation, but later specifically obviates neurulation, sug-
337G. Barreto et al. / Developmental Biology 257 (2003) 329–342
Fig. 4. Convergence and extension by cell intercalation during neurulation were affected after xEmGCNF knockdown. Embryos were coinjected at the
eight-cell stage into each animal dorsal blastomere with 250 pg of -gal mRNA and either 21 ng of the STA (A, C) or 21 ng of the MOR (B, D). Injected
embryos were fixed at stage 20 and stained for -gal activity as lineage tracer (A–D). (A) and (B) show dorsal aspects of stage 20 embryos. Anterior is at
the top. (C) and (D) show details of (A) and (B), respectively. The widespread distribution of the -gal staining in the MOR-injected embryos demonstrates
the defective medial migration of the neural plate cells during neurulation. (E) and (F) show Keller sandwich explants at stage 25 equivalent. For these
explants, the embryos were injected at two-cell stage into both blastomeres with STA (E) or MOR (F). Knockdown of xEmGCNF affected radial cell
intercalation, thus reducing the elongation of mesoderm and neuroectoderm.
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gesting that morphogenetic movements leading to neural
tube closure require the laminin receptor integrin 61 (Lal-
lier and DeSimone, 2000; Lallier et al., 1996).
Moreover, integrin 6 and xEmGCNF are expressed in
similar domains (Joos et al., 1996; Lallier et al., 1996),
indicating that xEmGCNF may regulate integrin 6 expres-
sion. However, no upregulation of integrin 6 was observed
after overexpression of mGCNF-VP16 in ectodermal ex-
plants (data not shown), indicating that integrin 6 is prob-
ably not a direct target of xEmGCNF.
The reduction of integrin 5 expression after xEmGCNF
knockdown could explain the effects observed in the thin-
ning of the epidermis. Marsden and DeSimone (2001) re-
ported that disruption of fibronectin matrix assembly, using
a monoclonal antibody directed against the central cell-
binding domain of fibronectin, resulted in failure of radial
intercalation movements, which are required for blastocoel
roof thinning and epiboly. Furthermore, they showed that
integrin-mediated interaction of deep cells with the fi-
bronectin matrix is required for this radial intercalation in
the blastocoel roof.
In contrast to the 5 and 6 integrins, the amount of
integrin 1 mRNA appeared unchanged and we did not
observe alterations in the immunohistological localization
Fig. 5. Depletion of xEmGCNF perturbs fibronectin deposition in ECM. Embryos were injected with 21 ng of the STA (A, D, G) or 21 ng of the MOR (B,
C, E, F, H, I) at eight-cell stage into either both animal dorsal or both animal ventral blastomeres as indicated in the top panels. At stage 18, embryos were
fixed and transverse frozen sections were stained with anti-fibronectin antibodies (Winklbauer, 1998). (A–C) Overviews of transverse sections through the
middle of the embryo. Details show the dorsal parts (D–F) or ventral regions (G–I) at higher magnification. Note depletion of fibronectin matrix between
notochord (no) and archenteron roof in a dorsally injected embryo (B, E), and the thicker epidermis (ep) in a ventrally injected embryo (C, I). Somites (so),
neural tube (nt). Bar, 200 m.
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of integrin 1 after knockdown of xEmGCNF (data not
shown). Because the  subunits of integrin receptors are
important in conferring substrate specificity and appear to
be more limited in their amount compared with the abun-
dant 1 subunit (Gawantka et al., 1992), the expression of
the  subunits may be subject to an elaborate regulation.
The role of xEmGCNF in regulation of cell–matrix in-
teractions is not limited to transcriptional control of the
integrin subunits 5 and 6. After xEmGCNF knockdown,
immunohistological analysis of sections revealed changes in
pattern of fibronectin deposition in the extracellular matrix
during neurulation and later during organogenesis (Fig. 4,
and data not shown). The main functional form of fibronec-
tin is a multimer, composed of covalently cross-linked
dimers that build fibrils in the extracellular matrix (Hynes,
1992; McDonald, 1988; Mosher et al., 1991). The mecha-
nism of fibril assembly is a cell-surface-dependent process
that requires fibronectin–cell and fibronectin–fibronectin in-
teractions and involves distinct regions of the fibronectin
molecule (Mosher et al., 1992). Fibronectin–cell interaction
mediated by the RGD site of fibronectin and the cellular
integrin receptor 51 is thought to be essential for the
incorporation of fibronectin dimers into fibrils (Akiyama et
al., 1989; Darribere et al., 1990; McDonald et al., 1987;
Sechler et al., 1996; Winklbauer and Nagel, 1991; Win-
klbauer and Stoltz, 1995). Therefore, the reduction of inte-
grin 5 expression after xEmGCNF knockdown could also
explain the affected fibronectin deposition into the extracel-
lular matrix, while only minor changes in the total amount
of zygotically transcribed fibronectin were observed by
means of RT-PCR (data not shown). However, the separa-
tion between tissues by the fibronectin-containing extracel-
lular matrix appeared to be most significantly disturbed
where xEmGCNF was maximally depleted, due to localized
MOR injection rather than tissue-specific susceptibility. In
line with these observations, overexpression of flGCNF
resulted in more fibronectin transcription (David et al.,
1998). Moreover, the changes in the shape of the notochord
observed after depletion of xEmGCNF protein in the dorsal
part of the embryo could be an indirect effect due to an
underdeveloped extracellular matrix sheath surrounding the
notochord. According to this interpretation, defects in the
formation of the dense fibrillar matrix surrounding the no-
tochord could reduce the resistance to deformation that this
notochordal sheath offers against the pressure generated by
vacuolation of notochord cells during late neurula and tail-
bud stages (Adams et al., 1990), resulting in stiffening of the
notochord, but in an inefficient straightening and elongation
of the axial mesoderm. Nevertheless, a deficient bipolar
intercalation of cells in the interior of the notochord after
formation of the notochordal–somitic boundary (NSB; Shih
and Keller, 1992) is also possible and could provide an
attractive explanation for the thicker notochord. According
to the boundary capture model (Shih and Keller, 1992), a
defective fibrillar matrix surrounding the notochord could
interfere with the anchoring of notochordal cells to the NSB,
thereby affecting the traction that these cells would generate
on their neighboring cells and thus reducing the efficiency
of convergence and extension by cell intercalation in the
axial mesoderm.
In addition to cell–cell interactions, cell–matrix interac-
tions could be involved in the medially directed pattern of
cell intercalation observed in the deep layer of the neural
plate. Thereby, the fibrillar system of the extracellular ma-
Fig. 6. Expression of integrins 5 and 6 is reduced after depletion of
xEmGCNF. (A) Schematic representation of the experimental system.
Embryos were injected at the two-cell stage into each blastomere. Animal
caps were explanted at stage 8.5 and cultivated until stage 17 equivalent.
Total RNA was extracted and semiquantitative RT-PCR was performed.
(B) Knockdown of xEmGCNF reduces expression level of integrins 5 and
6. Injection of noggin mRNA directed the ectoderm explants to an
anterior neural fate (nogg, lanes 2–5). Further posterior specification of the
neuroectoderm was achieved by an enhanced RA signaling (RA, lanes
3–4). In addition, embryos were coinjected with 42 ng of the STA (lanes
1–3) or 42 ng of the MOR (lanes 4–6). Expression levels of integrin
subunits 6, 1, 5, 5 truncated (5INT tr), and 3 were monitored by
RT-PCR using gene-specific primers. Positive control, ODC RT; nega-
tive control, ODC RT; whole embryo, WE. (C) Depleted expression of
integrins 5 and 6 after MOR injection is rescued by ectopic expression
of xOoGCNF. Explants of anterior (lane 1) or posterior neuroectodermal
explants (lanes 2–4) in the absence (lanes 1 and 2) or in the presence of
MOR (lanes 3 and 4) and after injection of xOoGCNF mRNA (lane 4) were
prepared and analyzed by RT-PCR as previously described. Note that
products representing integrins 5 and 6 were reduced by GCNF knock-
down (lane 3) and reconstituted by addition of xOoGCNF (lane 4).
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trix can serve as substrate for a directed traction of cells.
Apical constriction of the superficial layer followed by
interdigitation and radial intercalation of the cells destined
to form the walls of the neural tube may also require
integrin-mediated interactions of neuroectoderm cells with
the extracellular matrix (Davidson and Keller, 1999). Our
results suggest that xEmGCNF function is required for
different patterns of cell intercalation during neurulation
and consequently for the sequence of events giving rise to
the neural tube. Expression of integrin 6 and 5, the
limiting components of the laminin and fibronectin recep-
tors, respectively, as well as the pattern of fibronectin dep-
osition into the extracellular matrix seem to be controlled by
xEmGCNF. Therefore, we propose integrin-mediated cell–
matrix interaction as a process that requires xEmGCNF
function and provides, in concert with cadherin- mediated
cell–cell interactions, a molecular basis for morphogenetic
and organogenic cell movements.
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